The cellular response to an inflammatory stressor requires a proinflammatory cellular activation followed by a controlled resolution of the response to restore homeostasis. We hypothesized that biliverdin reductase (BVR) by binding biliverdin (BV) quells the cellular response to endotoxin-induced inflammation through phosphorylation of endothelial nitric oxide synthase (eNOS). The generated NO, in turn, nitrosylates BVR, leading to nuclear translocation where BVR binds to the Toll-like receptor-4 (TLR4) promoter at the Ap-1 sites to block transcription. We show in macrophages that BV-induced eNOS phosphorylation (Ser-1177) and NO production are mediated in part by Ca 2+ /calmodulin-dependent kinase kinase. Furthermore, we show that BVR is S-nitrosylated on one of three cysteines and that this posttranslational modification is required for BVR-mediated signaling. BV-induced nuclear translocation of BVR and inhibition of TLR4 expression is lost in macrophages derived from Enos −/− mice. In vivo in mice, BV provides protection from acute liver damage and is dependent on the availability of NO. Collectively, we elucidate a mechanism for BVR in regulating the inflammatory response to endotoxin that requires eNOS-derived NO and TLR4 signaling in macrophages.
The cellular response to an inflammatory stressor requires a proinflammatory cellular activation followed by a controlled resolution of the response to restore homeostasis. We hypothesized that biliverdin reductase (BVR) by binding biliverdin (BV) quells the cellular response to endotoxin-induced inflammation through phosphorylation of endothelial nitric oxide synthase (eNOS). The generated NO, in turn, nitrosylates BVR, leading to nuclear translocation where BVR binds to the Toll-like receptor-4 (TLR4) promoter at the Ap-1 sites to block transcription. We show in macrophages that BV-induced eNOS phosphorylation (Ser-1177) and NO production are mediated in part by Ca 2+ /calmodulin-dependent kinase kinase. Furthermore, we show that BVR is S-nitrosylated on one of three cysteines and that this posttranslational modification is required for BVR-mediated signaling. BV-induced nuclear translocation of BVR and inhibition of TLR4 expression is lost in macrophages derived from Enos −/− mice. In vivo in mice, BV provides protection from acute liver damage and is dependent on the availability of NO. Collectively, we elucidate a mechanism for BVR in regulating the inflammatory response to endotoxin that requires eNOS-derived NO and TLR4 signaling in macrophages.
heme oxygenase | innate immunity | bile pigments B iliverdin (BV) and biliverdin reductase (BVR) are a part of a well-characterized signaling cascade and the only metabolic pathway that leads to the generation of bilirubin (BR) (1) (2) (3) (4) . Recently, we defined a role and cellular localization for BVR and documented its localization as present on the external cell surface of macrophages (Mϕ) (referred to as BVR surf ) that explains, in part, the potent antiinflammatory effects that have been ascribed to BV by others and us (5) (6) (7) . The conversion of BV to BR by BVR is a physiological process that occurs continuously by the cell as a component of heme catalysis, and in pathological conditions, it can reach >50 μM (8) (9) (10) (11) . In vivo in mice, BV is rapidly converted to BR within minutes after its endogenous administration, primarily through BVR surf . BVR, akin to heme oxygenase (HO), is critical in appropriate heme metabolism, but both BVR and HO possess powerful alternative modes of action as cytoprotective homeostatic molecules (2) . BVR is incredibly pleiotropic, with defined signaling capabilities (4, 5, 12) , zinc finger transcriptional activity (13) , and joint interactions with mitogen activated protein kinase (MAPK), mitogen activating extracellular regulated kinase (MEK), protein kinase B (Akt), and protein kinase C (PKC) in response to cell stimulation (4) . Phosphorylation of BVR by MEK results in the ternary complex translocating to the nucleus to regulate transcription of HO-1 and other genes (1) . BVR translocation to the nucleus in response to endotoxin and heavy metals is dependent on cGMP signaling (14) , suggesting that perhaps nitric oxide (NO) could modulate BVR localization. Moreover, BR administration has been shown to induce neuronal NO synthase (nNOS) activation and increase NO generation in neurons, although the mechanism remains unclear (15) . Therefore, we hypothesized that there is a collaborative link between BVR and NO.
In addition to binding to heme moieties to initiate signaling, NO can also nitrosylate target proteins to modulate protein function, with endothelial nitric oxide synthase (eNOS) -dependent S-nitrosylation being an innate mechanism by which inhibition of signal transduction can occur. For instance, NO-derived from L-arginine inhibits Toll-like receptor-4/2 (TLR4/2) expression in models of acute lung injury (16, 17) , and nitrosylation of caspase-3 inhibits TNF-α-induced apoptosis in hepatocytes (18) . We recently reported that BVR surf exerts antiinflammatory effects in Mϕ in response to endotoxin, but the mechanism of action remained unclear (5). We have now expanded these observations in vivo and in vitro and tested the hypothesis that BV-induced phosphorylation of eNOS increases NO generation, which contributes in part to the antiinflammatory capabilities of BVR. S-nitrosylation of BVR directs translocation of BVR to the nucleus, where it binds the TLR4 promoter to regulate the innate inflammatory response.
Results

BV Induces Phosphorylation of eNOS Through Calmodulin-Dependent
Kinase Kinase in Mϕ. Previously, we showed that treatment of Mϕ with BV results in a rapid increase in phosphorylation of Akt through a BVR-PI3K-dependent mechanism, leading to up-regulation of IL-10 expression and hepatoprotection (5) . Because eNOS activation is known to be downstream of Akt (19) and Ca 2+ / calmodulin-dependent kinase kinase (CaMMK), we first tested whether BV is present and influences phosphorylation of eNOS in RAW 264.7 Mϕ given that it is a critical regulator of inflammatory responses (Fig. 1A) (20) . Treatment of RAW 264.7 Mϕ with BV induced phosphorylation of eNOS at Ser-1177 in a time-and dosedependent fashion (Fig. 1B and Fig. S1A ). A concentration of 50 μM BV was chosen based on previous data showing that this dose induced strong activation of Akt signaling (5) . Trypan blue exclusion at 50 μM showed no toxicity of BV through 24 h of incubation (93 ± 3% in BV vs. 96 ± 2% in controls). Moreover, this dose results in the generation of BR in the high/normal range in vivo (21) (22) (23) . A similar effect of BV on eNOS phosphorylation was also observed in mouse primary Mϕ. The BV-induced increase in eNOS phosphorylation was dependent on BVR, because expression of micro-adapted shRNA-BVR (mirBVR) abrogated the BV-induced increase in phospho-eNOS (Fig. S1B) . The rapid increase in phosphorylation of eNOS corresponded with concomitant NO production, and this finding was determined to be iNOS-independent, because use of the selective inducible nitric oxide synthase (iNOS) inhibitor, N5-(1-iminoethyl)-L-ornithin, dihydrochloride (L-NIO), had no effect on NO generation in response to BV treatment (Fig. 1C) . Furthermore, iNOS protein expression was not observed over this early kinetic as expected.
To evaluate whether Akt was involved in the phosphorylation of eNOS in response to BV, we blocked Akt phosphorylation using the selective PI3K inhibitor, LY29004, which had no effect on BVinduced eNOS phosphorylation (Fig. S1C) . We turned our attention next to MAPK Erk1/2, which has also been shown to be a critical target for BVR (1) . In RAW 264.7 Mϕ, inhibition of the MEK-Erk1/2 pathway with the selective inhibitor PD98059 also had no significant effect on eNOS phosphorylation in response to BV (Fig. 1B vs. Fig. S1D ). Because CaMKK is also implicated in eNOS activation, we next blocked this kinase with STO-609, a selective CaMKK inhibitor, which completely abolished BV-induced phosphorylation of eNOS ( Fig. 1 D and F) . Given that CaMKK activation is dependent on calcium influx, we next treated RAW 264.7 Mϕ with bis (2-aminophenoxy) ethane tetraacetic acid ester (BAPTA-AM), an intracellular calcium chelator, in the presence or absence of BV, and we observed a significant attenuation of eNOS phosphorylation ( Fig. 1 E and F) . To confirm the effects of BV on calcium flux, RAW 264.7 Mϕ were loaded with X-Rhod and then treated with or without BV followed by measurement of fluorescence over time. BV induced a rapid, time-dependent increase in fluorescence vs. vehicle control (Fig. 1G) .
BVR Is S-Nitrosylated in Mϕ in Response to BV. With the rapid increase in eNOS phosphorylation and known localization of eNOS in the caveolae and the fact that BVR surf is present in the plasma membrane (19) , we next tested if BVR signaling was influenced by BV-induced activation of eNOS and NO generation. Rodent BVR has three cysteine residues involved in activity and membrane localization, and therefore, they are potential targets for nitrosylation (5, 24) . We hypothesized that S-nitrosylation of one or more of the three cysteines would influence BVR activity and modulate signaling and/or cellular localization of BVR in response to a stimulus. We observed that BVR is S-nitrosylated in response to LPS and to a greater extent, in response to BV ( (Fig. 2D ), again supporting eNOS as the source of NO that leads to S-nitrosylated BVR. The NO generated in response to LPS is independent of iNOS, because nitrosylation is observed before iNOS expression; also, NO is elevated in the presence of iNOS inhibitor L-NIO (Fig.  S1E ). Furthermore, we show increased S-nitrosylated BVR levels on the cell surface in vivo in the livers of mice injected with LPS ( Fig. S2B) .
S-nitrosylation of enzymes modifies activity (25) , and therefore, we next examined whether S-nitrosylation of BVR influenced its activity to convert BV to BR. Addition of BV to RAW 264.7 Mϕ increases BR generation as expected, whereas BV treatment in the presence of the NO donor sodium nitroprusside (SNP) diminished BR generation in both the cytosolic/membrane and nuclear fractions. In contrast, BV treatment in the presence of eNOS inactivated with N-amino-L-arginine (L-NAA) accelerated the generation of BR (Fig. S3 ).
BV Induces NO-Dependent Translocation of BVR to the Nucleus. We next investigated whether the changes in BVR signaling caused by S-nitrosylation affected compartmentalization and localization of BVR. One of the cysteines in BVR surf is located within a prenylation site, and thus, S-nitrosylation of this cysteine might modulate targeting of BVR to the plasma membrane. We hypothesized that negative feedback from eNOS is an endogenous regulatory mechanism to limit constitutive activation of BVR in the membrane and cytosol. BV administration led to accumulation of BVR in the nucleus of RAW 264.7 Mϕ and primary bone marrow derived macrophages (BMDM) (Fig. 3 A and B and Fig. S4 ), which occurred after the BVinduced increase in eNOS phosphorylation and NO generation (Fig. 1) . The effect is, in part, dependent on NO generation, because a similar pattern was observed after treatment with the NO donor SNP in the absence of BV, which led to marked accumulation of BVR in the nucleus beginning 1 h after SNP administration (Fig.  3C ). Pharmacologic inhibition of NO generation with L-NAME resulted in inhibition of BVR translocation to the nucleus (Fig. 3D) . Finally, nuclear and cytoplasmic BVRs were present in WT BMDM that were treated with BV for 30 min, whereas in Enos −/− BMDM, the majority of BVR was expressed in the cytoplasm and/or on the cell surface in response to BV (Fig. S4) . These data suggest that BVR translocates to the nucleus in response to BV and in part, requires eNOS-dependent NO generation and S-nitrosylation of BVR.
Nuclear BVR Blocks Expression of TLR4 and Inflammatory Cytokine
Production. BV induces a strong antiinflammatory phenotype in Mϕ in vitro and in vivo, and the effects are dependent, in part, on BVR (either cytosolic or surface-expressed) (5). To investigate potential targets for BV-induced nuclear BVR, we performed a microarray profile on RAW 264.7 cells treated with BV for 4 h and observed a nearly twofold decrease in TLR4 expression vs. controls. We confirmed the effects of BV on TLR4 expression by real-time PCR and observed significant inhibition in TLR4 message in response to BV or an NO donor (Fig. 4A and Fig. S5A ). BV administration blocked TLR4 expression in RAW 264.7 Mϕ, which was reversed by inhibiting NO generation with either L-NAME or L-NAA (Fig. 4B) . Furthermore, the inhibitory effects of BV on TLR4 expression were lost in BMDM isolated from Enos −/− mice (Fig. 4C ). Using ChIP with antibodies against BVR in the extracts of BV-treated RAW 264.7 Mϕ, we show that BVR binds to the TLR4 promoter in the proximal region spanning −539, which contains GATA and Ap-1 sites (Fig. 4D) . Mutational analyses of the TLR4 gene showed that TLR4 promoter activity is induced by Ap-1 and repressed by GATA-4 (26) . BV treatment blocks TLR4 expression in the absence of GATA-4 (−336 bp) but not Ap-1 (−144 bp). BV had no effect on luciferase activity in both the empty vector as well as the entire promoter construct (−2,715 bp), which exhibited low luciferase activity because of the strong repressive effects of GATA-4 as expected (21) (22) (23) . These data localized BVR binding to the region spanning −336 bp (Fig. 4E) . Importantly, the ability of BVR to regulate TLR4 (spanning −336 bp) was lost in cells in which NOS was blocked (Fig. 4E) . To exclude the unspecific binding of BVR to the TLR4 promoter oligonucleotides, we tested unrelated MMP2 and VEGF promoter oligonucleotides spanning Ap-1 sites as previously described (27) and detect no binding of BVR in these sequences. Furthermore, in the same region of the TLR4 promoter, we were able to pull down interaction of Elk-1 with TLR4, which was slightly inhibited by BV treatment. Additionally, BV administration inhibited TLR4 protein expression in unstimulated RAW 264.7 Mϕ, whereas an NO donor enhanced TLR4 expression (Fig. 5 A and B and Fig. S5A ).
Lack of BVR Induces Proinflammatory State of Mϕ. We next investigated the effects of absence of BVR on TLR4 expression. Stable depletion of BVR with selective mirBVR constructs led to enhanced basal expression of TLR4 on the surface of RAW 264.7 Mϕ (Fig. 5C ), which correlated with a greater than 30-fold increase in TNF-α expression in unstimulated and LMP controltransfected Mϕ (Fig. 5D ). Stimulation of mirBVR or LMPtransduced Mϕ with LPS resulted in additional augmentation of proinflammatory TNF-α levels in mirBVR-transfected RAW 264.7 Mϕ vs. MSCV-LTRmiR30-PIG (LMP) controls (Fig. 5D) . The heightened TNF-α expression corresponded with low levels of IκB both basally and in the presence of LPS (Fig. 5E ). After LPS administration, IκB was degraded with expression returning by 1 h in controls as expected. This effect on IκB was absent in mirBVR-transfected RAW 264.7 Mϕ (Fig. 5E ). Morphologically, mirBVR-transfected RAW 264.7 Mϕ exhibited an activated phenotype vs. LMP controls, which was assessed by the presence of numerous pseudopodia and vacuolization (Fig. 5F ).
BV Protection Against Acute Hepatitis Requires BVR and eNOS. As previously described, BVR, in addition to cytosolic localization, is also expressed on the surface of hepatocytes as well as residential Mϕ in the liver (Fig. S5B) . To test the functional importance of a BV-eNOS signaling axis in vivo, we used Enos −/− -and Enos +/+ -type mice, which were challenged with TNF-α and D-GalN for 6 h. Serum alanine aminotransferases (ALTs) were measured as a marker of liver damage, which in this TNF/D-GalN model, is driven by TNF receptor-mediated hepatocyte necrosis. Enos −/− mice showed a partial resistance to the injury, likely caused by other NO-generating compensatory mechanisms (e.g., iNOS, which is known to be protective in this model) (28) . BV administration protected Enos +/+ mice against TNF-α/D-GalN treatment (as previously shown) (5) assessed by serum ALT levels, and the protection afforded by BV was similar in Enos −/− mice (Fig. 6A ). We posited that constitutive lack of eNOS would result in an increased compensatory role of other NO-generating enzymes in the liver such as iNOS, which has been reported (29) (30) (31) . We, therefore, used a pharmacologic approach to inhibit NOS activities globally in vivo. BV induced protection against LPS/DGalN treatment, and the protection afforded by BV against LPS/ D-GalN-induced injury was abrogated in animals receiving L-NAME before BV treatment (Fig. 6B) . The damage in the LPS/ D-GalN model is driven by TLR4 on Kupffer cells, which leads to elevated TNF-α expression and hepatocyte death. These data corroborate our in vitro data, showing that the protection provided by BV requires the activity of BVR and eNOS, resulting in decreased TLR4 expression.
Discussion
We present here data explaining the mechanism by which BV, acting through BVR, regulates the inflammatory response by inhibiting TLR4 transcription and protein expression. We show that BVR becomes rapidly S-nitrosylated in response to BV by eNOS-derived NO, leading to translocation of BVR to the nucleus. In the nucleus, BVR binds directly to the TLR4 promoter and represses expression (Fig. S6) . Whether it is the plasma membrane BVR isoform or the cytosolic BVR isoform that localizes to the nucleus remains to be determined and is the focus of ongoing studies. Given the potent antiinflammatory effects of BV and BVR as well as HO-1 (5, 6, 32), we posit that this mechanism of TLR4 regulation is innate and used by the cell to quell the inflammatory response after activation and prevent unfettered inflammation after a stimulus, such as bacterial endotoxin. The TLR4 mRNA and protein decrease after LPS stimulation, with a half-life reported to be 60 min, which would coincide with BVR translocation. BVR as a leucine zipper transcription factor interacts with the Ap-1 sites in the promoter regions of HO-1 and ATF-2 (13). BV suppresses TLR4 expression by acting, in part, to direct BVR binding to Ap-1 sites (−144 bp), thereby inactivating proinflammatory mediators, including TLR4 expression in response to inflammatory stimuli (26) .
NO signals by posttranslational modification of various proteins, including receptors, enzymes, ion channels, and transcription factors. S-nitrosylation is one form of cysteine modification that alters enzymatic function (e.g., COX2) (33) . S-nitrosylation is also well-recognized as a modulator of immune response proteins, including NF-κB and TLR4 (16) . BVR was S-nitrosylated in response to LPS and BV, leading us to reason that NO targeting of a cysteine in BVR is critical for nuclear localization of BVR (5) . BVR could also potentially be nitrosylated on a tyrosine residue within the tyrosine-methionine-lysine-methionine (YMKM) motif, but this theory was not tested. S-nitrosylation of GAPDH augments binding to Siah1, where nuclear localization signal mediates translocation of GAPDH to the nucleus (34) . Perhaps a similar mechanism of NO action on BVR translocation is op- for 4 h. *P < 0.02, BV vs. control (C). IgG was used as the negative control. Immunoprecipitation was performed with antibodies to BVR followed by real-time PCR with primers to the TLR4 promoter (−539 to −312 bp). Results represent mean ± SD of three independent experiments repeated in triplicate. (E) TLR4 promoter activity was measured in RAW cells that were transfected with the indicated luciferase reporter constructs comprising mutations of the TLR4 gene (27) for 24 h and cultured in the presence (white bars) or absence (black bars) of 50 μM BV for 4 h. L-NAME (100 μM) was applied 1 h before BV. Note that BV blocks luciferase expression in the absence of GATA-4 (−336 bp) but not Ap-1 (−144 bp). Results are presented as fold change over empty vector control and represent mean ± SD of three independent experiments repeated in triplicate. #P < 0.001 vs. pGL3; **P < 0.001 BV (−336 bp) vs. DMSO (−336 bp); *P < 0.0008 BV vs. BV + L-NAME.
erational here and highlights an important regulatory process for gene expression. The role of BV-BVR in modulating NO production and signaling in Mϕ in regulation of the inflammatory response has not been described. We hypothesized that BV through BVR regulates eNOS and NO generation that would, in turn, modify BVR activity as a feedback regulatory mode of action. This hypothesis is strengthened by the fact that BVR surf and eNOS are likely in close proximity with each other in caveolae in the plasma membrane (35) . Moreover, it is feasible that, given the potent antiinflammatory effects of BV and BVR in models of sepsis, vascular trauma, and ischemia reperfusion injury (5, 6), modification of BVR by NO is available and thus, a plausible molecular mechanism to reestablish homeostasis and the overall cellular response to exaggerated oxidative stress.
The expression of eNOS in primary Mϕ and RAW 264.7 Mϕ is apparent (20) (Fig. 1) , and eNOS is the likely source of NO: iNOS was not induced after BV stimulation, and the data do not fit the kinetic of iNOS expression in Mϕ treated with LPS. BVRinduced phosphorylation of eNOS is dependent, in part, on intracellular levels of calcium and CaMKK in endothelial cells (36, 37) . The role of CaMKK in eNOS regulation, however, has not been reported in Mϕ, and therefore, the data presented here also describe the link made between these two enzymes, because BV induced a rapid and transient calcium influx in Mϕ that precedes eNOS phosphorylation.
In summary, we have identified a mechanism by which BV/ BVR imparts salutary effects in models of acute inflammation. We describe transcriptional repressor activity for BVR acting to block additional TLR4 expression. Our in vitro findings translated in vivo, where we observed that BV protected against both TNF-α-and LPS-mediated liver damage, likely through modulating the inflammatory response driven by Kupffer cells that are known to direct a potent inflammatory response that amplifies hepatocyte cell death (5, 6) . Pharmacological blockade of NO generation partly abrogated the protective effects ascribed to BV in models of acute liver damage in rats (5, 6) . The fact that blockade of NOS did not amplify the liver injury is likely explained, in part, by multiple signaling redundancies that could be targeted by BV and involvement of multiple cell types in the liver, including hepatocytes and stellate cells. BV has known antiapoptotic effects, and it protects the liver from ischemia reperfusion injury involving JNK MAPK and modulation of cytokine production, including regulation of IL-10 by BVR in response to endotoxin (5, 38, 39) .
Collectively, we identify BVR as a target for NO-dependent S-nitrosylation and elucidate mechanisms by which BVR translocates to the nucleus to repress TLR4 expression. We postulate that BV-induced activation of eNOS in Mϕ and likely endothelial cells is a critical regulatory mechanism for an appropriate and controlled inflammatory response.
Materials and Methods
Animal Treatment. C57BL6/J WT (Enos . (B) Mice were administered BV or saline as above ± 30-min pretreatment with L-NAME (20 mg/kg i.p.) and then followed by injection of LPS + D-GalN. Serum transaminases (ALT) were measured at 6 h. Results represent mean ± SD of four to six mice per group. Kruskal-Wallis test for multiple comparisons: **P < 0.0.0005 vs. C; *P < 0.002 BV/ LPS vs. BV/L-NAME/LPS; #P < 0.003 BV/LPS vs. L-NAME/ LPS; & P < 0.002 BV/L-NAME/LPS vs. LPS. dissolved in 0.2 N NaOH, adjusted to a final pH of 7.4 with HCl, and kept in the dark. L-NAME at the dose of 20 mg/kg was applied 30 min before BV treatment. BV (35 mg/kg i.p.) was administered to mice 16 h and again, 2 h before LPS/D-GalN (250 μg/kg i.p. and 750 mg/kg i.p., Escherichia coli serotype 0127:08; Sigma). The serum samples for ALT measurement were harvested 6 h after LPS/D-GalN treatment (n = 6 mice/group).
NO Generation Measurement. NO generation was measured in a sealed vessel in which the solution and head space were purged with helium. The vessel was connected in line with a Nitric Oxide Analyzer (Sievers Co.) as previously described. In some conditions, RAW 264.7 cells were pretreated with L-NIO (100 μM). Cells were treated with LPS (100 ng/mL) or BV (50 μM). NO generation was normalized to r-cell protein concentration as measured by the BCA Protein Assay Kit (Pierce).
Cell Fractionation. Cytosolic and membrane cell fractions were isolated using the manufacturer's protocol for the Plasma Membrane Protein Extraction Kit (BioVision). Protein extracts were subjected to additional analyses by immunoblotting and immunoprecipitation as previously described (5, 29) . Nuclear extraction was performed using the manufacturer's protocol (Pierce or BioVision).
ChIP Assay, RNA Isolation, and Real-Time PCR. ChIP assay was performed as previously described (27) using the primers for the first part of the TLR4 promoter (30) . RNA isolation and real-time PCR were performed as previously described (27) . The following primers were used: TLR4 F: 5′CT-GGTTGCAGAAAATGCCAG3′ and TLR4 R: 5′CTGGATAAATCCAGCCACTG3′. β-actin primers were previously described (31) .
Immunoblotting, Immunoprecipitation, and S-Nitrosylation Assay. Snap-frozen tissue samples were homogenized in ice-cold tissue lysis buffer (250 mM NaCl, 5 mM EDTA, 1% Triton X-100, 10 mM Tris·HCl, pH 7.5) containing the protease inhibitor mixture Complete Mini (Roche). For coimmunoprecipitation, 100-500 μg protein lysates in RIPA buffer and the protease inhibitor mixture were mixed with appropriate antibodies and 30 μL Protein A/G Plus agarose beads (Santa Cruz Biotechnology) and then rocked for 2.5 h at 4°C. The proteins were washed with RIPA buffer and eluted (at 95°C for 5 min in SDS loading buffer). Immunoblotting was performed as previously described (40) . S-nitrosylation assay was performed using the manufacturer's protocol for the S-Nitrosylation Kit (Cayman Chemical).
Calcium Flux Measurement. Rhod-X (Molecular Probes; Invitrogen) was used as an indicator of calcium influx using the manufacturer's protocol. Time-lapse imaging was performed using an Axiovert Zeiss Microscope.
BVR Activity. BVR activity was measured as previously described (5) . The lysates of cytoplasmic and nuclear fractions were isolated as described above and used in the assay.
ELISA. TNF-α ELISA was from R&D Systems and was used according to the manufacturer's protocol.
Statistical Analysis. Results are presented as the mean ± SD. Statistical comparison was performed by use of student t test, one-or two-way ANOVA (posthoc Tukey test), or nonparametric Wilcoxon or Kruskal-Wallis test (SPSS Inc). P < 0.05 was considered to be statistically significant.
